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Abstract
Type 2 diabetes mellitus (T2DM) is a heterogeneous metabolic disorder characterized by progressive dysglycemia, insulin resistance, and variable trajectories of complications. In parallel with advances in host genomics and metabolomics, the gut microbiome has emerged as a candidate layer of biological information that may refine risk stratification and prognosis. Among gut taxa repeatedly linked to metabolic health, Akkermansia muciniphila—a mucin-degrading bacterium residing near the intestinal mucus layer—has attracted exceptional interest because of its mechanistic plausibility, consistent inverse associations with metabolic dysfunction, and early translational evidence from human supplementation studies. This narrative review evaluates whether A. muciniphila can credibly serve as a prognostic indicator for T2DM onset, progression, or therapeutic response. We synthesize evidence from metagenomic case–control studies, cross-cohort meta-analyses, longitudinal datasets, and interventional trials, with special attention to confounding by antidiabetic drugs, strain-level heterogeneity within Akkermansia, and analytic considerations relevant to biomarker development. Across studies, lower A. muciniphila abundance is commonly associated with T2DM and related phenotypes, while baseline abundance may modify responses to microbiome-targeted and metabolic interventions. However, the pathway from association to validated prognostic biomarker is constrained by variability in assays, geography- and diet-linked ecology, medication confounding (notably metformin), and incomplete understanding of the clinically relevant strain/functions. We conclude that A. muciniphila is best viewed as a promising component of multivariable prognostic models rather than a stand-alone marker, with near-term utility most plausible for predicting metabolic response phenotypes and for refining risk scores in prediabetes and early T2DM.
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1. Introduction
Type 2 diabetes mellitus (T2DM) remains among the most prevalent chronic diseases worldwide, with rising incidence driven by aging populations, dietary transitions, sedentary lifestyles, and cardiometabolic multimorbidity. Despite seemingly uniform diagnostic criteria, T2DM is biologically and clinically heterogeneous. Individuals vary in tempo of glycemic deterioration, degree of insulin resistance versus β-cell dysfunction, patterns of dyslipidemia and inflammation, and propensity for microvascular and macrovascular complications. This heterogeneity has motivated intensive efforts to identify biomarkers that move beyond diagnosis to prognosis—markers that can anticipate incident T2DM in at-risk individuals, predict worsening glycemia among those with prediabetes or early disease, and forecast response to therapies.
Over the last decade, the intestinal microbiome has emerged as a candidate source of prognostic information. Large-scale metagenomic studies have demonstrated consistent differences in microbial composition and functional potential between T2DM and non-diabetic controls, suggesting that microbial shifts may be linked to metabolic phenotypes (Qin et al., 2012; Karlsson et al., 2013). Yet early microbiome–T2DM findings were often difficult to reconcile across cohorts, in part because medications strongly reshape microbial communities and can masquerade as disease signals. In particular, metformin, a first-line antidiabetic agent, has potent microbiome effects and can confound observational associations unless explicitly accounted for (Forslund et al., 2015; Wu et al., 2017).
Among microbes repeatedly associated with metabolic status, Akkermansia muciniphila has drawn sustained attention. As a mucin-degrading commensal that lives in close proximity to the epithelium, A. muciniphila is positioned to influence barrier function, immune tone, and metabolite signaling. Mechanistically, preclinical studies have shown that A. muciniphila or its components can improve metabolic outcomes, supporting causal plausibility rather than purely correlative patterns (Plovier et al., 2017). The field has further advanced into early translational studies in humans, including proof-of-concept supplementation with live or pasteurized A. muciniphila in metabolically impaired adults (Depommier et al., 2019) and later clinical work examining its impact in dysglycemic or diabetic populations (Zhang et al., 2025). These developments make A. muciniphila an instructive case for assessing how a microbial taxon might progress from “associated with disease” to “clinically meaningful prognostic indicator.”

1.1. Conceptualizing prognosis in T2DM and where the microbiome may fit
A prognostic indicator is traditionally defined as a measurable factor that predicts a future clinical outcome among individuals with a given health state, independent of treatment assignment. In the context of dysglycemia, prognosis can refer to at least three clinically important trajectories: progression from normoglycemia to prediabetes or T2DM; progression within established T2DM (e.g., rising HbA1c, escalation of medications, decline in β-cell function, or onset of complications); and response trajectories to interventions (weight loss, diet, pharmacotherapy, or microbiome-directed therapies). Microbial features might contribute to all three, but their role is likely context-dependent. For example, a taxon depleted in metformin-naïve T2DM might support disease-state discrimination, yet fail as a prognostic marker if it is unstable over time or dominated by medication effects.

1.2. Why A. muciniphila is a compelling candidate biomarker
A. muciniphila stands out because it is not merely one of many compositional correlates; it has biologically plausible mechanisms linked to epithelial integrity and host–microbe signaling. Furthermore, Akkermansia abundance can change in response to common metabolic interventions, which is essential for any marker used longitudinally. However, dynamic responsiveness is a double-edged sword: it may enable monitoring of intervention effects, but also reduces specificity for disease biology if changes reflect diet or drug exposure rather than risk. In addition, Akkermansia is not monolithic—genomic studies reveal substantial strain and species-level diversity within the genus, complicating translation from “abundance of Akkermansia” to standardized clinical interpretation (Karcher et al., 2021; Dubourg et al., 2021).

1.3. Scope and objective
This narrative review evaluates whether A. muciniphila can serve as a prognostic indicator of T2DM. The objectives are to (i) summarize human evidence linking A. muciniphila to glycemic status, progression, and therapy response; (ii) examine mechanistic plausibility relevant to prognosis; (iii) identify confounders and methodological constraints that must be resolved for biomarker validity; and (iv) propose clinically realistic pathways for incorporating A. muciniphila into prognostic frameworks, emphasizing where it is most likely to add actionable value.

2. Methods for literature selection
A targeted literature search was conducted to identify human and translational studies linking A. muciniphila to T2DM risk, progression, or therapy response. Searches were performed in PubMed/MEDLINE, Scopus, Web of Science, and Embase, complemented by screening of reference lists from highly cited primary studies and relevant reviews. The core Boolean search string used across databases combined organism and disease terms: (“Akkermansia muciniphila” OR Akkermansia) AND (“type 2 diabetes” OR T2DM OR insulin resistance OR prediabetes OR HbA1c) AND (biomarker OR prognosis OR prediction OR longitudinal OR trial OR metformin). The primary date range prioritized January 2014 through December 2025 to emphasize contemporary sequencing methods, medication-aware analyses, and translational studies; seminal metagenomic studies earlier than 2014 were retained when foundational to the field. Inclusion criteria emphasized peer-reviewed studies in reputable journals that reported (i) Akkermansia abundance or strain-level features with metabolic endpoints, (ii) longitudinal outcomes or predictive analyses, or (iii) interventions (dietary, pharmacologic, or direct Akkermansia supplementation) with relevant metabolic measures. Exclusion criteria included non-peer-reviewed reports, studies without quantitative microbiome assessment, and studies focused solely on non-metabolic primary outcomes without interpretable glycemic relevance.

3. Biological features of A. muciniphila relevant to biomarker use
3.1. Ecological niche and implications for metabolic signaling
A. muciniphila is a mucus-associated bacterium capable of using host mucins as a nutrient source, positioning it at the interface between host barrier biology and luminal microbial ecology. This ecological location is relevant for prognosis because barrier disruption and low-grade inflammation are central to insulin resistance and metabolic deterioration. If A. muciniphila contributes to mucosal homeostasis, then its depletion could plausibly precede or accompany worsening metabolic inflammation, making it a candidate early marker. Yet the same niche sensitivity also implies that A. muciniphila abundance can respond quickly to dietary fiber availability, mucin dynamics, and host immune state, which may introduce variability that weakens prognostic stability across time and populations.

3.2. Strain and species diversity within the genus Akkermansia
A key challenge to clinical biomarker translation is that “Akkermansia abundance” is often treated as a single feature. Large-scale population genomics shows that human-associated Akkermansia includes multiple deeply divergent lineages that can share similar 16S profiles while differing substantially at whole-genome level (Karcher et al., 2021). Related work isolating and characterizing numerous human strains demonstrates phylogroup-associated phenotypes relevant to colonization, oxygen tolerance, and host interaction (Dubourg et al., 2021). These findings imply that two individuals with similar measured “Akkermansia abundance” may harbor strains with different functional outputs, and therefore different relationships to metabolic prognosis. From a biomarker standpoint, strain-aware assays may be necessary to achieve reproducible prognostic performance, particularly if a subset of strains is responsible for beneficial metabolic associations.

3.3. Molecular effectors that connect A. muciniphila to host metabolism
Mechanistic plausibility strengthens biomarker candidacy by suggesting that a marker is not merely correlating with disease but participating in its biology. Preclinical work indicates that pasteurized A. muciniphila or its membrane proteins can improve metabolic parameters in obese and diabetic mice, supporting a role for specific bacterial components as effectors (Plovier et al., 2017). Further mechanistic studies identified secreted or surface-associated factors that influence incretin biology and thermogenesis. For example, an A. muciniphila–derived protein (P9) has been reported to induce GLP-1 secretion and improve metabolic phenotypes in mice, linking the bacterium to hormonal pathways relevant to glycemic control (Yoon et al., 2021; Cani & Knauf, 2021). While such mechanistic studies do not prove human prognostic utility, they increase the plausibility that Akkermansia depletion could be upstream of metabolic decline, not only a byproduct of it.

4. Evidence linking A. muciniphila to T2DM onset, progression, and response

4.1. Cross-sectional associations: consistency, caveats, and what they do (and do not) prove
Early metagenome-wide association studies established that T2DM is accompanied by broad shifts in microbial community structure and functional capacity, providing the foundation for exploring specific taxa as markers (Qin et al., 2012; Karlsson et al., 2013). Across many subsequent cohorts, A. muciniphila has often appeared as relatively depleted in metabolic disease states and enriched in healthier phenotypes, although the magnitude and consistency vary by cohort characteristics and analytic adjustments.
Cross-sectional association, however, is not prognosis. A taxon can be depleted in T2DM and yet be useless for predicting future deterioration, especially if depletion reflects downstream effects of hyperglycemia, diet changes after diagnosis, or drug exposures. Moreover, the microbiome is highly sensitive to geography and diet; thus, the same abundance threshold may not translate across populations. These considerations motivate a focus on (i) medication-naïve cohorts, (ii) longitudinal studies, and (iii) cross-cohort analyses that explicitly model heterogeneity.
A major advance in the field has been movement toward large cross-cohort meta-analyses and strain-aware approaches. A large cross-cohort analysis of over 8,000 metagenomes emphasized that strain-level signals can clarify inconsistent species-level associations across cohorts and better connect mechanisms to associations (Mei et al., 2024). Such work is relevant to Akkermansia because it highlights a plausible path from “genus-level marker” to “strain-level prognostic feature,” which may be necessary for robust prediction across settings.

4.2. Longitudinal and predictive evidence: toward prognostic interpretation
Longitudinal evidence is the most direct test of prognostic value. In microbiome research, longitudinal studies are often limited by sample size, follow-up duration, and changing exposures (especially medications). Nonetheless, several lines of evidence support the feasibility of microbiome-based prediction of dysglycemia and future T2DM risk, which provides a context for evaluating whether A. muciniphila can contribute meaningfully to prediction models.
First, studies aiming to detect subclinical microbial signatures of metabolic disease emphasize that microbiome shifts can precede overt disease and may function as early biomarkers (Yassour et al., 2016). While such work frequently relies on multi-taxon patterns rather than a single organism, it is conceptually important: prognosis may emerge from composite microbial profiles in which Akkermansia is one component.
Second, cohort studies integrating temporal dynamics show that gut microbial rhythmicity and its disruption can predict later T2DM, supporting the broader claim that microbiome features can capture risk-relevant physiology over time (Reitmeier et al., 2020). Such studies do not automatically validate A. muciniphila as the key driver, but they reinforce that microbiome-based prediction is plausible and that taxa-level or function-level features may be prognostically informative when properly standardized.
Third, large-scale meta-analyses that evaluate prediabetes and T2DM across cohorts help distinguish robust signals from site-specific artifacts. The 2024 cross-cohort metagenomic study explicitly addressed the limited mechanistic interpretability of species-level associations by moving toward strain specificity (Mei et al., 2024). For prognostic translation, this matters because a stable prognostic indicator must survive heterogeneity in diet, sampling, sequencing, and analysis pipelines. If Akkermansia is to serve as a prognostic marker, it likely needs similar cross-cohort validation and may require strain- or function-based refinements.

4.3. Medication and intervention confounding: metformin as both a threat and an opportunity
No candidate microbial biomarker for T2DM can be evaluated without addressing metformin, because it is both common and microbiome-active. Early cross-study inconsistencies in T2DM microbiome signals were substantially explained by metformin confounding; when metformin-naïve patients were separated from metformin-treated patients, disease signatures became more coherent (Forslund et al., 2015). Controlled trial evidence shows that metformin causally reshapes the gut microbiome in treatment-naïve T2DM, and that transplantation of metformin-altered microbiota can improve glucose tolerance in recipient mice, supporting a mechanistic contribution of microbiome changes to drug action (Wu et al., 2017). Metformin’s glucose-lowering effects may be partly mediated through gastrointestinal mechanisms, including enhanced incretin signaling and modulation of gut microbiota (Gruszka, 2015).
For A. muciniphila, metformin is particularly relevant because multiple studies suggest metformin can increase mucin-degrading taxa including Akkermansia, potentially inflating apparent “healthy” associations among treated individuals. A human observational study in community-dwelling adults found metformin use was associated with higher relative abundance of A. muciniphila compared with non-users, reinforcing that medication status must be explicitly modeled (de la Cuesta-Zuluaga et al., 2017). Experimental work in mice similarly reports metformin-induced increases in Akkermansia alongside improved glucose homeostasis (Shin et al., 2014). Together, these findings imply that Akkermansia abundance could reflect treatment exposure rather than baseline disease prognosis, undermining its value as a stand-alone prognostic indicator unless metformin exposure is carefully controlled.
At the same time, metformin’s link to Akkermansia may create a distinct prognostic opportunity: Akkermansia might function as a marker of microbiome-mediated drug responsiveness or tolerance. In other words, instead of asking whether Akkermansia predicts disease progression in general, a clinically actionable question may be whether baseline Akkermansia predicts magnitude of response to metformin or to combined metabolic interventions. This reframing aligns with precision-medicine goals and may be more realistic than expecting a single taxon to predict long-term complications in heterogeneous populations.

4.4. Human intervention studies targeting A. muciniphila: implications for prognosis
Interventional studies provide stronger causal inference than observational associations and can inform biomarker utility by showing whether manipulating the candidate organism changes clinically relevant endpoints. A landmark proof-of-concept randomized study supplemented overweight/obese insulin-resistant individuals with live or pasteurized A. muciniphila and reported improvements in metabolic markers with acceptable safety, suggesting translational potential (Depommier et al., 2019). Although not designed as a prognostic study, the trial supports three biomarker-relevant points: (i) Akkermansia can be administered as an intervention, which increases the clinical importance of measuring it; (ii) host metabolic phenotypes can shift in a direction consistent with Akkermansia’s presumed benefits; and (iii) pasteurized preparations may preserve or enhance bioactivity, expanding practical therapeutic options.
More recent clinical work has extended this line toward dysglycemic populations and has highlighted effect modification by baseline Akkermansia levels. A Cell Metabolism clinical study evaluating Akkermansia supplementation (AKK-WST01) reported metabolic benefits and explicitly noted that outcomes were linked to baseline gut Akkermansia abundance, implying that baseline measurement could help stratify who benefits most (Zhang et al., 2025). This observation is directly relevant to prognostic utility because it suggests a plausible, near-term clinical use case: baseline Akkermansia as a predictor of intervention responsiveness. In biomarker terminology, this is closer to a predictive biomarker (predicting treatment response) than a pure prognostic biomarker (predicting natural history), but in clinical practice the distinction can blur because response trajectories are themselves prognostically meaningful.
Dietary interventions also provide insight. Calorie restriction and weight loss are among the most effective non-pharmacologic strategies for improving insulin sensitivity and glycemia. A human study examining A. muciniphila in the context of calorie restriction found that baseline abundance and its changes related to metabolic profiles and microbiome gene richness, linking Akkermansia to broader ecological shifts during intervention (Dao et al., 2016). Such findings imply that Akkermansia may act as a marker of a broader “metabolically favorable” mucosal ecosystem that becomes more prominent with successful dietary change. In this framing, Akkermansia alone may not be sufficient, but it could serve as a clinically tractable proxy for a protective microbial state when combined with other markers.

4.5. Mechanistic plausibility and the prognostic argument
For a microbial taxon to function as a prognostic indicator, there must be a plausible link between its presence (or absence) and the biological processes that drive future outcomes. Several mechanistic themes recur in Akkermansia research.
Barrier integrity and endotoxemia are central. Insulin resistance is strongly linked to low-grade inflammation, and increased intestinal permeability can promote systemic inflammatory signaling via translocation of microbial products. By residing in the mucus layer and interacting with mucin dynamics, A. muciniphila may influence the thickness and turnover of this barrier. In animal models, administration of Akkermansia or its components improves metabolic phenotypes and is associated with improved barrier features, supporting a plausible upstream role (Plovier et al., 2017). If depleted Akkermansia reflects impaired mucus ecology, it could signal a physiologic context conducive to worsening inflammation and glycemic control.
Incretin and gut–brain signaling is another theme. GLP-1 has direct relevance to glycemic control and is a therapeutic target in T2DM. Reports that Akkermansia–derived proteins can stimulate GLP-1 secretion and thermogenesis in preclinical models suggest a pathway by which Akkermansia depletion might contribute to reduced incretin signaling and metabolic decline (Yoon et al., 2021). Even if the exact human relevance of these specific effectors remains under study, the existence of defined molecules provides a stronger bridge between microbiome measurement and host physiology than is available for many taxa.
Finally, strain-level heterogeneity implies that “A. muciniphila” may represent a set of organisms with partially overlapping but not identical metabolic effects. Genomic surveys show multiple candidate species and deep divergence within human-associated Akkermansia, and experimental strain characterization suggests functional differences that could alter host impact (Karcher et al., 2021; Dubourg et al., 2021). For prognosis, this is crucial: if only certain strains confer metabolic benefit, crude genus-level abundance may dilute predictive signal and reduce reproducibility across cohorts.

5. A. muciniphila as a prognostic indicator: clinical scenarios, assay considerations, and validation needs

5.1. Prognostic versus predictive: what should be claimed and what should be tested
The strongest current evidence suggests that A. muciniphila is unlikely to function as a universal, stand-alone prognostic indicator for all clinically meaningful T2DM outcomes across diverse populations. Medication effects, dietary responsiveness, and strain heterogeneity create too much context dependence. However, Akkermansia may still have substantial value in narrower, clinically plausible prognostic contexts. A particularly promising scenario is early disease management, where clinicians seek to predict near-term glycemic trajectories or identify individuals likely to respond to microbiome-linked therapies. Here, baseline Akkermansia abundance may be most useful as part of a composite risk model that includes clinical features (BMI, HbA1c, triglycerides, liver fat), treatment exposures (metformin status), and other microbial or metabolomic markers.
In addition, baseline Akkermansia may serve as a predictive biomarker for response to interventions that plausibly act through the gut mucosa and microbiome, including metformin, dietary fiber interventions, weight-loss programs, and direct Akkermansia supplementation. The observation that supplementation benefits can correlate with baseline Akkermansia abundance suggests a concrete stratification hypothesis that can be prospectively tested (Zhang et al., 2025). In such designs, the biomarker question becomes highly actionable: who should receive a next-generation probiotic, and who may require alternative strategies?

5.2. Measurement and standardization: from sequencing signals to clinical-grade assays
For biomarker deployment, assay variability is a dominant barrier. Microbiome studies differ in sample collection timing, storage conditions, DNA extraction, sequencing platform, and bioinformatic pipelines. A taxon that appears “depleted” in one workflow may not be quantitatively comparable to another. Prognostic application requires robust, reproducible quantification with known analytic sensitivity, specificity, and stability.
Several measurement strategies exist. Shotgun metagenomics can provide species- and strain-level resolution and functional context, but it is costlier and more complex. Targeted qPCR assays can quantify A. muciniphila with higher throughput, but may fail to distinguish functionally distinct lineages and may be sensitive to primer design and reference standards. As strain-level heterogeneity becomes more recognized, future assays may require targeted sequencing or molecular barcodes capturing key functional loci rather than relying solely on taxonomic abundance. The trajectory of T2DM microbiome research suggests that strain-aware approaches will increasingly be necessary for robust translation, consistent with the broader shift in cross-cohort work toward strain specificity (Mei et al., 2024).

5.3. Confounder control and clinical metadata requirements
A recurring lesson across T2DM microbiome research is that without deep clinical metadata, microbial biomarkers are fragile. Metformin is the clearest example: without stratification by metformin exposure, disease signatures can be misinterpreted (Forslund et al., 2015; Wu et al., 2017). Similar issues apply to GLP-1 receptor agonists, SGLT2 inhibitors, statins, proton pump inhibitors, antibiotics, bariatric surgery, and major dietary pattern shifts. Prognostic validation studies must therefore treat medication and diet as integral covariates rather than nuisance variables.
Moreover, glycemic outcomes must be harmonized. Prognosis can be defined as incident diabetes, HbA1c change, need for medication escalation, or complications. Each outcome has different timescales and biological drivers, and Akkermansia may relate to some more than others. For example, the strongest argument for Akkermansia is through barrier integrity and inflammation, which might relate more directly to insulin resistance and metabolic syndrome phenotypes than to late-stage β-cell failure. Thus, matching outcome definitions to plausible biology will likely improve signal detection and reduce spurious claims.

5.4. Integrating Akkermansia into multivariable prognostic models
Given the limitations of single-feature biomarkers, the most realistic path is integration. Prognostic models could incorporate Akkermansia as one feature among several microbial taxa, microbial functions (e.g., short-chain fatty acid pathways), and metabolomic readouts (bile acids, branched-chain amino acid derivatives). Such composite models are more likely to be portable across cohorts and to retain performance after adjusting for medications and diet. In this framework, Akkermansia serves as a biologically interpretable component that may capture mucosal ecosystem state.
Population-level prediction studies demonstrate that microbiome-based signatures can classify and predict metabolic disease risk, sometimes with improved performance when combined with clinical covariates (Reitmeier et al., 2020; Yassour et al., 2016). The strain-aware cross-cohort approach further suggests that portable models may need strain-level features to generalize (Mei et al., 2024). Thus, the question is less “Is Akkermansia the prognostic biomarker?” and more “Does Akkermansia add incremental value to validated risk models in well-defined clinical contexts?”

5.5. Research priorities to reach clinical-grade evidence
To determine whether A. muciniphila can serve as a prognostic indicator in a clinically defensible way, several research priorities emerge from current evidence. First, prospective cohorts of prediabetes and early T2DM should collect serial stool samples alongside rigorous medication and dietary metadata, enabling time-resolved modeling that can separate cause, consequence, and confounding. Second, interventional trials should routinely test baseline Akkermansia as a stratification variable, particularly for microbiome-linked therapies (dietary fiber, metformin initiation, and direct supplementation). Third, strain-aware assays should be developed and validated, reflecting the demonstrated genomic and phenotypic diversity within the genus (Karcher et al., 2021; Dubourg et al., 2021). Finally, external validation across geographic regions is essential; a prognostic marker that works only in one population will not meet the standards of high-impact clinical translation.

6. Conclusions
Akkermansia muciniphila has moved beyond being a repeatedly “associated” gut taxon to becoming a biologically interpretable and translationally testable candidate marker in metabolic disease. Across human cohort studies, lower A. muciniphila abundance is commonly observed in dysglycemia and T2DM, and early supplementation trials provide proof that manipulating this organism (or its bioactive components) can shift metabolic phenotypes in directions consistent with improved insulin sensitivity and cardiometabolic risk. Nevertheless, the present evidence base does not justify treating A. muciniphila as a universal, stand-alone prognostic indicator for the natural history of T2DM across populations. Its abundance is highly responsive to diet and weight change, strongly influenced by common medications—especially metformin—and potentially represents multiple functionally distinct lineages that are not reliably distinguished by routine taxonomic assays. These realities create context dependence that can inflate or obscure associations unless studies are carefully medication-stratified, diet-aware, and strain-informed.
The most defensible near-term clinical value of A. muciniphila lies in risk refinement and therapeutic stratification rather than solitary prognosis. Specifically, baseline A. muciniphila measures may add incremental value to multivariable models in prediabetes and early T2DM, and may help predict responsiveness to interventions plausibly mediated by the gut ecosystem, including metformin initiation, structured dietary fiber or weight-loss programs, and next-generation probiotic supplementation. Future progress will depend on prospective, multi-ethnic longitudinal cohorts with repeated sampling, standardized quantification methods, and external validation of prediction models that explicitly incorporate medication exposure. Parallel development of strain-level or function-based assays will be critical to convert a promising ecological signal into a clinically reliable prognostic tool.

7. Limitations
This narrative review is limited by the heterogeneity of the underlying microbiome literature and by the constraints inherent to a non-systematic synthesis. Studies differ substantially in participant selection (metformin-naïve vs. treated T2DM, duration of diabetes, comorbidity burden), biospecimen handling, sequencing platforms (16S rRNA profiling vs. shotgun metagenomics), and bioinformatic pipelines, each of which can alter detection and quantification of A. muciniphila and reduce cross-study comparability. Clinical endpoint definitions also vary widely, ranging from cross-sectional glycemic status to longitudinal changes in HbA1c, insulin resistance indices, or medication escalation, limiting inference about which prognostic outcomes are most strongly and consistently linked to A. muciniphila.
Medication confounding remains a major constraint: metformin and other commonly used drugs (e.g., statins, proton pump inhibitors, GLP-1 receptor agonists, antibiotics) can reshape the gut microbiome and may inflate or mask associations if not carefully modeled. Dietary patterns, fiber intake, and weight-loss behaviors are often incompletely measured, further complicating attribution. Additionally, the genus Akkermansia includes multiple phylogroups and related species, yet many studies report only genus- or species-level abundance, potentially diluting functionally important strain-specific effects. Finally, while early human supplementation trials are encouraging, their sample sizes, follow-up durations, and population diversity are still insufficient to support firm conclusions about long-term prognostic value for complications or durable disease modification.
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